ABSTRACT The current study was conducted to evaluate the impacts of using tibia ash percentage or ash weight as the response criteria on estimated phytase relative equivalence. Straight run broilers were fed treatment (Trt) diets from 7 to 21 d age (6 birds/pen, 8 pens/Trt). The corn-soy based Trt were formulated to contain 0.80% Ca and 4 non-phytate phosphorus (nPP) concentrations (0.20, 0.27, 0.34, and 0.40%). Monocalcium phosphate was the inorganic phosphate source added to achieve 4 different dietary nPP concentrations and against which the nPP relative equivalence of phytase was determined. A 6-phytase (Danisco Animal Nutrition, DuPont Industrial Biosciences, Marlborough, UK) was added at 500 or 1,000 phytase unit (FTU)/kg to the 0.20% nPP diet resulting 6 total Trts. Tibia ash was determined at 21 d age. Phytase fed at 500 or 1,000 FTU/kg increased tibia ash weight and ash percentage compared to that of birds fed 0.20% nPP diet without phytase (P < 0.05). Graded nPP were log transformed and regressed against tibia ash (weight and percentage) to calculate phytase nPP relative equivalence. The R 2 obtained from pen value regressions were 0.81 and 0.84, for tibia ash weight and percentage, respectively. Ash percentage from birds fed 500 and 1,000 FTU phytase/kg fell within the range obtained with the MCP additions. Ash weight (842 mg/tibia) from birds fed 1,000 FTU phytase/kg exceeded (P < 0.05) maximum weight (773 mg/tibia) measured in birds fed the greatest nPP Trt (0.40%), thus the nPP relative equivalence was only calculated in birds fed 500 FTU phytase/kg Trt. The nPP relative equivalence in birds fed 500 FTU phytase/kg were 0.117 and 0.168% based on ash percentage and weight, respectively (P < 0.05). The nPP relative equivalence in birds fed 1,000 FTU phytase/kg was 0.166% for ash percentage. Results suggested that ash weight better reflects the amount of bone mineralization as compared to ash percentage and using ash percentage may lead to an underestimation of phytase efficacy.
INTRODUCTION
Phosphorus is an essential nutrient that not only comprises about 30% of the poultry skeletal ash content (Angel, 2007; Shastak et al., 2012) , but also is involved in a great number and variety of metabolic pathways. The P in typical corn and soybean meal-based broiler diets for different growth phases is approximately 40 to 60% phytate P (PP) (NRC, 2012) . The utilization C 2015 Poultry Science Association Inc.
of PP is variable in poultry and can be affected by factors such as diet Ca concentration, PP source, and phytase (Ballam et al., 1984; Tamim et al., 2004) among others. Traditionally, industry nutritionists meet the P requirements of poultry by adding inorganic P to diets. However, inorganic P is, in most cases, the third most expensive nutrient in poultry diets and is a nonrenewable resource. In addition, diet P that is either not digested or absorbed or is in excess of what the animal can use is excreted and when excreta is applied to land as fertilizer can lead to excessive P going into the environment. Supplementing diets with exogenous phytase has been proven to be an effective practice to enhance PP utilization, reduce inorganic P usage, and overall P excretion in poultry (Angel et al., 2002; Angel et al., 2006; Ravindran et al., 2006) .
In most cases, the efficacy of a phytase is assessed using regression based methodologies. When the response to graded concentrations of diet nonphytate P (nPP) is measured either in terms of performance or bone characteristics and the resulting regression used to determine how much P from the source used in the regression is replaced by phytase, this term is called erroneously phytase efficacy. Since the phytase efficacy value derived is an amount of P released calculated in relation to the amount of P from the inorganic source that the phytase replaces to give the same performance or bone ash based on the regression obtained with the inorganic P source, this value is relative to the inorganic P source used.
Due to its high sensitivity to changes in dietary P availability (Nelson and Walker, 1964; Shastak et al., 2012) , tibia ash as percent of dry defatted bone weight has been widely used as the response criterion for relative phytase efficacy determinations (Denbow et al., 1995; Sebastian et al., 1996; Onyango et al., 2005; Adeola and Walk, 2013) . Bone ash percent is a value based on the ash weight in a bone relative to the total bone weight, where bone weight can be defatted or not. In contrast, ash weight reflects the absolute amount of mineral contained in the bone and is affected by both bone size and bone mineralization. The ash weight thus can better reflect the greater amounts of P and/or Ca deposited in bone associated with birds of greater weight and/or bone size. Therefore, bone ash percent may be less accurate to determine the dietary impacts on bone mineralization by disregarding the fact that bones that differ widely in size and weight can have very similar bone ash percent (Skinner and Waldroup, 1995; Applegate and Lilburn, 2002; Shim et al., 2012) . Unfortunately, most published work has used bone ash percent (Denbow et al., 1995; Sebastian et al., 1996; Onyango et al., 2005; Adeola and Walk, 2013) , but rarely bone ash weight (Applegate et al., 2003; Augspurger et al., 2003) or both measures (Applegate et al., 2003) in the same experiment where phytase efficacies were determined. The objective of the portion of study reported here was to look at the implications of calculating phytase relative equivalence based on tibia ash either as absolute weight (milligrams/tibia) or as a percent.
MATERIALS AND METHODS
All animal care procedures were approved by the University of Maryland Animal Care and Use Committee. A total of two hundred eighty-eight 1-day-old straight run Heritage 56M × fast feathering Cobb 500F broiler chickens obtained from a local hatchery were placed in artificially lit and environmentally controlled floor pens from hatch to 6 d age. Birds were fed a pre-starter corn/soybean meal-based diet formulated to contain 22.5% CP, 1.20% digestible Lys, 3025 kcal ME/kg, 1.0% Ca, and 0.45% nPP which met or exceeded all NRC (1994) recommendations but was formulated to the average nutrient usage concentrations in the USA for 2012 (AgriStats 2013). At 7 d age, birds were weighed and grouped (6 birds/group) such that all groups had similar weight and within group chick weight variation was minimized. Groups were placed into battery pens (Modified Petersime grower batteries, Petersime Incubator Co, Gettysburg OH) that had previously been assigned a treatment (Trt) based on a within-block (room) randomization. The wire pens (W × D × H; 99 × 68 × 37 cm) were equipped with a water nipple system (2 nipples/pen) and 2 external feed troughs (L × W × D; 63.5 × 8.9 × 5.67 cm). Photoperiod was 24L:0D from hatch to 3 d, 14L:10D from 4 to 7 d, 16L:8D from 8 to 12 d, and 18L:6D from 13 to 21 d age. Room temperature was kept at an average of 31
• C from hatch to 3 d and brooder lamps were used for the first 3 d to provide additional heat. Temperature was lowered by 1
• C every 2 to 3 d such that bird comfort was maintained and was 23.5
• C at 21 d age. Birds were checked twice daily and mortalities recorded. Feed and water were offered for ad libitum consumption throughout the trial.
A corn and soybean meal basal diet (particle size and distribution for basal, limestone, and monocalcium phosphate were determined by ASAE method S319.3, 1997; mean diameter [particle size distribution of basal diet: >2.360 mm, 2.03%; 2.000 to 2.360 mm, 3.02%; 1.700 to 2.000 mm, 6.28%; 1.400 to 1.700 mm, 11.00%; 1.180 to 1.400 mm, 10.63%; 1.000 to 1.180 mm, 11.99%; 0.850 to 1.000 mm, 11.83%; 0.710 to 0.850 mm, 7.24%; 0.500 to 0.710 mm, 19.10%; 0.300 to 0.500 mm, 11.73%; 0.250 to 0.300 mm, 1.89%; <0.250 mm, 3.25%;d gw = 0.854 mm; geometric SD (S gw ) = 0.576 mm] was formulated to meet all nutrient requirements (NRC, 1994) and average United States usage concentrations for 2012 (AgriStats 2013) when included at 96.3% in the final diets, except for Ca and P. The basal diet was mixed and analyzed for DM, minerals, ether extract, CP, and amino acids. Based on the analyzed Ca and P concentrations in the basal diet (Table 1) , pre-analyzed limestone (particle size distribution of limestone used in the basal and Trt diets: >1.180 mm, 0.07%; 1.000 to 1.180 mm, 0.71%; 0.850 to 1.000 mm, 5.36%; 0.710 to 0.850 mm, 9.74%; 0.600 to 0.710 mm, 10.07%; 0.500 to 0.600 mm, 15.96%; 0.425 to 0.500 mm, 10.84%; 0.355 to 0.425 mm, 13.10%; 0.300 to 0.355 mm, 9.36%; 250 to 300 mm, 7.88%; 150 to 250 mm, 10.20%; 0.075 to 0.150 mm, 4.99%; <0.075 mm, 1.72%;IMI Cal Pro, IN; (particle size determined based on ASAE Method S319.3, 1997) d gw = 0.402 mm; S gw = 0.255 mm) and monocalcium phosphate [MCP; particle size distribution of monocalcium used in the basal and Trt diets: >1.180 mm, 0.82%; 1.000 to 1.180 mm, 8.64%; 0.850 to 1.000 mm, 34.83%; 0.710 to 0.850 mm, 24.04%; 0.600 to 0.710 mm, 17.22%; 0.500 to 0.600 mm, 9.13%; 0.300 to 0.500 mm, 3.81%; <0.300 mm, 1.51%.Kirby Agri, PA; particle size determined based on ASAE Method S319.3 (1997)] d gw = 0.759 mm; S gw = 0.258 mm) were added to the basal diet to achieve the desired Ca and nPP concentrations in the Trt diets. All Trt diets contained 96.3% basal diet to ensure that only P concentration differed between the Trt (Table 2 ). The Trt were formulated to contain 0.80% Ca and 4 nPP (0.20, 0.27, 0.34, and 0.40%) concentrations. To prepare the diets containing phytase, one batch 0.20% nPP diet was made and divided into 3 equal batches to minimize the potential variability due to mixing as separate batches. A 6-phytase (Danisco Animal Nutrition, DuPont Industrial Biosciences, Marlborough, UK; Axtra R PHY, from Buttiauxella sp., expressed in Trichoderma reesei) was added on top to 2 of the batches of the lowest nPP diet (0.20%) based on guaranteed phytase concentration to achieve either 500 and 1,000 FTU phytasae/kg. This resulted in a total of 6 Trt (8 replicates, 6 birds/replicate). All diets were fed as mash.
Body weight per pen was determined at 7 and 19 d age. Feed intake was determined at 19 d age. At 21 d age, all birds in a pen were euthanized by cervical dislocation. Right tibias were removed from all birds in a pen, de-fleshed, and cartilaginous caps removed. Tibias were oven dried at 100
• C for 24 h, de-fatted by refluxing petroleum ether in a Soxlet apparatus for 16 h, ovendried at 100
• C overnight for dry defatted bone weight determination, and ashed in ceramic crucibles for 16 h at 600
• C (AOAC, Method 972.15, 1990) . Bone ash was determined by using all right tibias within a pen. Ash content was determined on a dry, fat-free basis, and expressed as milligrams/tibia as well as percent of the dry defatted bone weight.
All diets were ground to pass through a 0.5-mm screen before analysis. DM of the diets was determined by drying overnight in a 100
• C oven (Shreve et al., 2006) . Diet Ca and P were determined after acid digestion and analyzed using inductively coupled plasma atomic emission spectrometry (AOAC, 1999) . Both analyses were done in triplicate. All other diet analyses were done in duplicate except where specified. The CP and ether extract in the basal diet were analyzed according to AOAC Methods 990.03 (2003) and 920.39 (2003) , respectively. All amino acids except Trp were determined by hydrochloric acid hydrolysis followed by HPLC separation (AOAC Method 994.12, 2003) . Phytate-P in the basal diet was analyzed based on the method of Ellis et al. (1977) . Phytase activity was determined, in triplicate, according to the ISO 30024 (2009) procedure where one phytase unit (i.e., FTU) is defined as the amount of enzyme that releases 1 μmol inorganic orthophosphate, from a sodium phytate substrate, per minute, at pH 5.5 and 37
• C. Relative phytase efficacy was defined as the amount of nPP from MCP that the phytase replaced based on tibia ash mineralization expressed either as percent or as mg tibia ash per tibia and given as an nPP relative equivalency value.
Graded nPP was log-transformed and regressed against tibia ash using pen averages from birds fed the nonphytase Trt. The linear regressions obtained were later used to calculate nPP relative equivalence in birds fed phytase Trt using the following formula:
where a is the intercept, b is the slope, tibia ash is the tibia ash weight (milligrams/tibia) or percent from birds fed graded nPP diets, and nPP diet is determined diet nPP concentrations based on the difference between analyzed total P and analyzed PP.
Calculation for nPP relative equivalence in birds fed phytase Trt was done using the following equation: where a and b are the intercept and slope, respectively, obtained from regression described above; tibia ash is the tibia ash weight (mg/tibia) or percent from birds fed phytase diets; and nPP 0.20 is the determined nPP concentration in 0.20% nPP diet.
Statistical Analysis
Data were analyzed using the MIXED procedure of SAS (SAS Institute, 2008) . Treatment was considered as a fixed effect and pen as a random effect. Tukey's (Tukey, 1949) adjustment was used in all pair-wise comparisons to protect P-values. Contrasts were made to check for difference between effects in birds fed 500 and 1,000 FTU phytase/kg and the summit Trt diet (0.40% nPP diet) using paired t-test (Gosset, 1908) . Regressions were generated based on pen averages using determined nPP values. Significant difference was declared at P < 0.05.
RESULTS AND DISCUSSION
Analyzed concentrations of diet Ca, determined nPP, as well as phytase were similar to those formulated (Table 2) . Feeding broiler chickens diets with increasing concentrations of nPP from 0.20 to 0.40% resulted in increases in tibia ash weight and ash percent (Table 3) . When phytase was added to the diet containing 0.20% nPP, both tibia ash weight and percent were greater compared to those in birds fed the 0.20% nPP nonphytase diet (P < 0.05). These results are in agreement with other reported findings which show positive impacts of phytase addition on bone mineralization (Denbow et al., 1995; Rousseau et al., 2012; Adeola and Walk, 2013) .
When tibia ash was regressed against the logtransformed nPP concentrations, positive linear associations were observed for both ash weight (milligrams/tibia) and percent (Table 4) . Similar R 2 obtained between tibia ash and log transformed diet nPP of 0.81 and 0.84 for ash weight and ash percent, respectively, suggests that both are similar in response to diet nPP increases. The close relationship between tibia ash and diet nPP concentrations has also been reported by Shastak et al. (2012) who found that the R 2 for tibia ash weight and percent was 0.94 and 0.73, respectively. In contrast to the similarity in the R 2 , the response as a percent change due to increasing diet nPP from 0.20 to 0.40%, was 58% improvement in bone ash weight (488 vs. 773 mg/tibia, respectively), while the improvement in ash percent was only 34% (33.8 vs. 45.3% tibia ash). The smaller improvement seen when tibia ash percent was used, as compared to that seen when tibia ash weight was used, led to a flatter response for the regression obtained from the ash percent values.
The use of bone ash percent to determine phytase efficacy is prevalent in the published literature (Denbow et al., 1995; Viveros et al., 2002; Augspurger et al., 2003; Onyango et al., 2005; Jendza et al., 2006; Adeola and Walk, 2013) . To our knowledge work in poultry comparing the impact of ash weight versus ash percent to estimated phytase nPP relative equivalence has not be been published. Table 3 . Effects of nPP concentrations and phytase dose on intake and tibia mineralization of birds from 7 to 21 d age (n = 8). BW and feed intake were recorded on d 19. and Ca, total P, nd nPP intake were calculated as: feed intake×analyzed or determined nutrient in the diet.
5
Expressed on defatted DM basis.
6
Contrasts using paired t-test were made between birds fed phytase Trt (5 or 6) and Trt 4 which had the highest P and nPP of all Trt and was the summit Trt.
a-e Least-squares means within a column with different superscript letters differ (P < 0.05).
In the current trial, tibia ash weight and percent determined in broilers fed the highest nPP concentration in the nonphytase diets (0.40% nPP), from 7 to 21 d age, were 773 mg ash/tibia and 45.3% ash on a dry defatted basis, respectively. Tibia ash weight in broilers fed the 0.20% nPP diet containing 1,000 FTU phytase/kg diet was 842 mg/tibia which was greater when orthogonal contrasts were done (Table 3) than the maximum value (773 mg/tibia) used for the regression (0.40% nPP), and thus outside the possible predictions range of the regression. This meant that no phytase nPP relative equivalence value for 1,000 FTU phytase/kg diet based on tibia ash weight could be correctly determined. Similar to the study report here, Augspurger et al. (2003) reported greater tibia ash weight in broilers fed the 1,000 FTU phytase/kg diet (0.10% available P) as compared to that of the highest concentration of available P used in their study. These results may be related to the use of a relatively low available P (0.20% available P) in the summit diet (Augspurger et al., 2003) or to the fact that broilers fed the 1,000 FTU phytase/kg diet were heavier as compared to those fed the nonphytase diet with the highest nPP (0.40%) as seen in the current study. In contrast to ash weight, ash percent in birds fed 500 or 1,000 FTU phytase/kg was lower (42.7%) or similar (45.1%), respectively, to that in birds fed the highest nPP (0.40%) diet (45.3%), thus allowing the estimation of how much nPP from MCP resulted in an equivalent response in percent ash or weight to either the 500 or 1,000 FTU/kg feed phytase dose.
Because ash percent is a value that is relative to the total dry de-fatted bone weight which in essence removes bone weight differences, using ash percent can overlook the fact that bones that vary in length, weight, or thickness can have similar ash percent (Skinner and Waldroup, 1995; Applegate and Lilburn, 2002; Shim et al., 2012) . For example, Shim et al. (2012) compared the tibia morphology between fast-and slow-growing broiler chickens and found similar tibia ash percent despite greater tibia weight, length, and diameter in fastgrowing vs. slow-growing chickens at 42 d age. In a paper by Shastak et al. (2012) , tibia ash percent was similar in broiler chickens fed 0.19 and 0.27% nPP diets at 11 d age (43.7 vs. 45.4%, respectively), whereas ash weight was significantly lower in broilers fed 0.19% nPP diet compared to those fed 0.27% nPP diet (0.36 vs. 0.42 g/tibia). In the current study, body weight recorded at 19 d age was significantly higher in birds fed 1,000 FTU phytase/kg diet as compared to those fed 0.40% nPP diet. If the same trend was seen at the time of sampling (21 d age), bone ash percent may not reflect the amount of Ca and P that was deposited in bone, while the absolute value of mg ash/bone would.
Adding 500 FTU phytase/kg diet resulted in different nPP relative equivalence of 0.117 and 0.168%, when calculated based on ash percent and ash weight regressions, respectively (P < 0.05, Figure 1) . The calculated nPP relative equivalence was 0.166% for 1,000 FTU Table 4 . Linear regressions of tibia mineralization from birds fed graded nPP diets without phytase inclusion and calculated nPP relative equivalence from birds fed phytase diets (n = 8). 1 Regressions were generated on pen means (n = 8), with 6 birds/pen. Determined nPP concentrations based on the difference between analyzed total P and PP were used in regressions.
2 nPP relative equivalence. 3 Values in parenthesis are SEM. 4 NA = Not applicable. Figure 1 . Impact of using tibia ash weight or ash percent as the response criterion for determining relative phytase efficacies (mean ± SEM). Phytase efficacy was expressed as nPP relative equivalence (%) using monocalcium phosphate as the reference inorganic P source.
phytase/kg using tibia ash percent as the response criterion, which was similar to the value obtained when ash weight of broiler chickens fed the 500 FTU phytase/kg diet (Figure 1 ). The lower phytase nPP relative equivalence value obtained when ash percent was used suggests that phytase efficacy was underestimated by using the regressions generated based on tibia ash percent. This is partially supported by the greater dry de-fatted tibia weight seen in birds fed 1,000 FTU phytase/kg (11.71 g/tibia) diet as compared to birds fed 0.40% nPP diet (10.29 g/tibia). Even though feed intake was recorded at 19 d rather than 21 d age, when the tibia ash were obtained, the greater bone weight in birds fed 1,000 FTU phytase/kg diet could not be simply attributed to higher feed intake ( Table 3 ). The total P intake, as calculated by multiplying feed intake from 7 to 19 d and total P in the diet, was significantly lower in birds fed 1,000 FTU phytase/kg (3.17 g/bird) than that of broilers birds fed 0.40% nPP diet (4.46 g/bird), clearly demonstrating that more P and Ca were made available for bone mineralization by phytase. Of note is that this difference in bone weight was only reflected when tibia ash weight (842 vs. 773 mg/tibia in bird fed 1,000 FTU phytase/kg vs. 0.40% nPP diets, respectively) but not in tibia ash percent (45.1 vs. 45.3% in birds fed 1,000 FTU phytase/kg and 0.40% nPP diets, respectively).
CONCLUSION
At 21 d age, both tibia ash weight and ash percent were equally sensitive to dietary nPP concentration changes, and thus could be used as response criteria for relative phytase efficacy estimation. However, ash percent is not a direct reflection of the Ca and P deposited in bone, since it removes bone weight differences observed between treatments and can lead to an underestimation of relative phytase efficacy. Based on the results, we recommend that tibia ash weight be considered to estimate relative phytase efficacy instead of bone ash percent when the BW of the birds in the study is significantly affected by diet.
